). The main function of Hsp70 proteins is to assist various proteins in proper folding. One of the other functions of Hsp70 proteins is to drive protein translocation through biological membranes as a motor protein. Endoplasmic reticulum luminal Hsp70, BiP, and mitochondrial matrix Hsp70, mt-Hsp70, are two of the most studied Hsp70s, which are involved in the protein translocation mechanism in that they pull the incoming proteins into the organelles. [2] [3] [4] Hsp70 proteins are also proposed to be involved in the chloroplast protein import mechanism (For reviews, see Jackson-Constan et al., 2001, 5) and Inaba and Schnell, 2008 6) ). Hsp70-IAP localized in the intermembrane space (IMS) between the outer and inner envelope membranes has been found to interact with translocating precursor proteins. 7) On the other hand, it has been reported that Hsp70 in the stroma from pea chloroplasts interacted with the transit peptide of the precursor protein in vitro. 8) A recent study by 9) demonstrated that two ATP hydrolyzing steps are present during the early stage of protein import into chloroplasts. These observations suggest that Hsp70-IAP plays the same role as BiP and mt-Hsp70 for the precursor proteins, promoting their translocation through the outer envelope membrane of chloroplasts. It has been reported that three different Hsp70 proteins might be present in pea chloroplasts; one is tightly associated with the outer envelope membrane facing the IMS, while the other two are localized in the stroma. 10) Because of its suborganelle localization, it is possible to assume that Hsp70-IAP is identical to Hsp70 which is tightly associated with the outer envelope membrane, but the gene for pea Hsp70-IAP and those for its homologs in other plant species have not been identified yet.
Searching for an Hsp70-IAP homolog in Arabidopsis thaliana, in this study we attempted to determine the localization of three putative Arabidopsis Hsp70 proteins (AtHsp70 proteins) found in the databases, based on in silico predictions, using in vitro import assays and in vitro processing peptidase assays.
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Materials and Methods
Preparation of AtHsp70 proteins used in this study. Expression plasmids harboring various types of AtHsp70 proteins ( Fig. 1 ) were prepared as follows: To prepare carboxy-terminally tagged recombinant precursor AtHsp70 proteins (prAtHsp70-6-Tag, prAtHsp70-7-Tag, and AtHsp70-8-Tag), full-length cDNAs of AtHsp70-6 (At4g24280), AtHsp70-7 (At5g49910), and AtHsp70-8 (At2g32120), obtained from the RIKEN BioResource Center (Tsukuba, Japan) 11, 12) were amplified and cloned into a pET21a (Merck, Darmstadt, Germany) expression vector, which had been modified by adding sequences for multiple epitope tags: two copies of a peptide from human influenza hemagglutinin (HA) tag upstream of hexahistidinyl (H) tag (Fig. 1) . To prepare the tri-glycine mutant of prAtHsp70-6-Tag (prAtHsp70-6-TagN), the plasmid encoding prAtHsp70-6-Tag was manipulated to substitute triple glycine residues at positions 62-64 for double asparagine residues (Fig. 1) . The tri-glycine mutant of prAtHsp70-7-Tag (prAtHsp70-7-TagG) was prepared by manipulating the plasmid encoding prAtHsp70-7-Tag to substitute double asparagine residues (positions 63 and 64) for triple glycine residues (Fig. 1) .
Precursor protein overexpression. Overproduction of Hsp70 variants was carried out as described previously. 13) After cells were ruptured by sonicator, recombinant proteins, recovered in inclusion bodies, were solubilized with solubilization buffer-1 (S1-buffer: 8 M urea, 25 mM HEPES-KOH, pH 7.5, 150 mM KCl, 25 mM DTT, and 2 mM MgCl 2 ).
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Chloroplast isolation and import assay. Import competent chloroplasts were isolated from 9-10 d old pea seedling leaves (Pisum sativum var. tsurunashiendou), as described previously. 15) Chloroplasts were resuspended in import buffer (I-buffer: 50 mM HEPES-KOH, pH 8.0 and 330 mM sorbitol) at a concentration of 2 mg of chlorophyll (chl)/ml. Prior to import assay, chloroplasts were diluted twice with 5 mM nigericin (Sigma-Aldrich, St. Louis, MO, USA) at 25 C for 10 min in the dark to inhibit ATP synthesis on the thylakoid membrane. 16) Each 500 ml import reaction contained 10 ml of precursor solubilized in S1-buffer to make a 160 mM urea final concentration with 0.2 mg chl/ml of chloroplasts, 1 mg/ml of bovine serum albumin (BSA), 25 mM DTT, 2.5 mM ATP, 0.1 mM GTP, and 5 mM MgCl 2 . Mixtures were incubated in the dark at 25 C for 20 min, unless stated otherwise. Intact chloroplasts were then reisolated through 40% (v/v) Percoll (GE Healthcare, Buckinghamshire, UK) cushions and washed once with I-buffer. In protease treatments, the resulting chloroplasts, resuspended further with 100 ml of I-buffer to make a 1 mg chl/ml suspension, were treated either with 0.6 mg/ml thermolysin (Wako Pure Chemicals, Osaka, Japan) or 0.4 mg/ml trypsin (Wako). Thermolysin treatments were carried out on ice for 30 min until the reactions were terminated by adding 16 mM EDTA. Trypsin digestion was carried out at 25 C in the dark for 30 min, and the reactions were terminated by adding protease inhibitor cocktail (PIC), as described previously. 17) After protease digestions, chloroplasts were re-isolated with 40% Percoll, followed by washing in I-buffer. All subsequent solutions contained either 5 mM EDTA or PIC to inhibit residual protease activities until the end of all the steps. Chloroplast lysis and fractionation. To prepare membrane and soluble fractions, chloroplasts were first lysed under hypertonic conditions in TE buffer (10 mM Tricine-NaOH, pH 8.0 and 2 mM EDTA) containing 0.6 M sucrose with respective protease inhibitors (see above), with two cycles of freezing and thawing. 18) After sucrose concentration was adjusted to 0.3 M with TE buffer, broken chloroplasts were separated into soluble and membrane fractions by ultracentrifugation at 100;000 Â g at 4 C for 30 min.
Organelle-free precursor processing assay. In order to examine the in vitro precursor processing with stromal processing peptidase (SPP), chloroplast extracts were obtained as follows: Intact chloroplasts were suspended in 5 mM HEPES-KOH, pH 8.0 at a concentration of 1 mg chl/ml, and incubated on ice for 30 min to lyse the chloroplasts hypotonically. The total soluble extracts obtained after centrifugation (16;000 Â g at 4 C for 10 min) of the lysed chloroplasts were used in the assay. The reaction mixtures were adjusted into 100 ml with 20 mM HEPES-KOH, pH 8.0, and each contained 60 ml of chloroplastic extracts and 2 ml of the precursor protein solubilized in S1-buffer. The assay was carried out at 26 C for 90 min, and terminated by adding SDS-PAGE sample buffer, 19) followed by boiling. As for controls, SPP activity was inhibited by adding a final concentration of 50 mM EDTA. 20) Electrophoresis and immunoblotting. Proteins were separated by SDS-PAGE, 19) followed by immunoblotting probed with mouse monoclonal anti-HA antibody (Sigma-Aldrich) and alkaline phosphate conjugated secondary antibodies, unless stated otherwise, as described previously. 13) To detect radioactivity, the gel was analyzed with an image analyzer BAS-2500 (Fuji Film, Tokyo).
Results

In silico analysis of putative Arabidopsis Hsp70 proteins
In an attempt to identify Arabidopsis Hsp70 protein/ proteins homologous to pea Hsp70, Hsp70-IAP, 7) 14 hsp70 genes identified in the Arabidopsis genome 21) were analyzed ( Fig. 2A) . Because cyanobacteria are thought to be ancestors of chloroplasts in higher plants, we compared plant and cyanobacterial Hsp70 proteins to obtain insight into the characteristic properties of chloroplastic Hsp70 proteins. Two of the AtHsp70 proteins, AtHsp70-6 and AtHsp70-7, encoded by At4g24280 and At5g49910 respectively, were found in the same group as three cyanobacterial Hsp70 homologs (SynDnaK1 through 3) ( Fig. 2A) . The amino acid sequences of AtHsp70-6 and AtHsp70-7 showed that these Hsp70 proteins contained the signature sequence of the plastidic Hsp70 proteins at their carboxy-termini (Fig. 2B) . 21, 22) In addition, by bioinformatics analysis, these Hsp70 proteins were predicted to carry 78 amino acid-long chloroplastic targeting signals, transit peptides, at their amino-termini (Fig. 2B ). Hence, we assumed that AtHsp70-6 and AtHsp70-7 have a high probability of localization in the chloroplasts. Also, through proteomic analysis, these two Hsp70 proteins have been identified in the soluble fraction and the envelope fraction of chloroplasts, 23) but the targeting of these Hsp70 was not established. Furthermore, AtHsp70-8, encoded by At2g32120, was predicted for the plastid localization by the PSORT program, 21) although AtHsp70-8 is distant from AtHsp70-6 and AtHsp70-7 and seems to lack a typical amino-terminal transit peptide.
In vitro import assay of prAtHsp70 In order to determine whether AtHsp70-6, AtHsp70-7, and AtHsp70-8 are targeted to chloroplasts, we employed the in vitro chloroplastic protein import assay, utilizing recombinant precursors overproduced in E. coli, such as AtHsp70-6 (prAtHsp70-6-Tag), AtHsp70-7 (prAtHsp70-7-Tag), and AtHsp70-8 (AtHsp70-8-Tag) fused with epitope tags at their carboxyl-termini ( Fig. 1 ). The tags were used to detect recombinant precursor proteins after the in vitro protein import assays (Fig. 3) , as in the method previously developed by us. 13) After the import reaction of prAtHsp70-6-Tag ( However, the smaller processed band, equivalent to the size of m2AtHsp70-6-Tag, disappeared after thermolysin treatment (Fig. 3A , lane 6), indicating that this is the same band as one of the major polypeptides present in the precursor solution (denoted by the asterisk in Fig. 3A , lane 4). Since all the processed forms produced from both precursors were detected through HA-tag at the carboxy-terminal, it is possible to assume that the processing took place in the amino-terminal part of the prAtHsp70-Tag proteins. In addition, the m2 form of AtHsp70-6-Tag was produced by processing in the amino-terminal part, rather than at the carboxy-terminus of m1AtHsp70-6-Tag. On the other hand, prAtHsp70-8-Tag (Fig. 3, lane 7) was not recovered with chloroplasts after the import reaction (Fig. 3A, lane 8) . This indicates that AtHsp70-8 was not imported to the chloroplasts in vitro.
These results indicate chloroplastic targeting of AtHsp70-6 and AtHsp70-7, while disproving the assumption that AtHsp70-8 targets chloroplasts. Furthermore, observation of production of two processed forms of AtHsp70-6-Tag indicates the possibility of dual-targeting of the protein by double processing, leading AtHsp70-6 to different localizations within chloroplast. A, Unrooted sequence distance tree of Arabidopsis Hsp70 proteins (AtHsp70-1 through 13, 18) and three Hsp70 proteins from cyanobacteria (Synechocystis sp. PCC6803) (SynDnaK-1 through 3) based on a ClustalW alignment. The gene IDs for the Arabidopsis Hsp70 proteins are as follows: At5g02500 (AtHsp70-1), At5g02490 (AtHsp70-2), At3g09440 (AtHsp70-3), At3g12580 (AtHsp70-4), At1g16030 (AtHsp70-5), At4g24280 (AtHsp70-6), At5g49910 (AtHsp70-7), At2g32120 (AtHsp70-8), At4g37910 (AtHsp70-9), At5g09590 (AtHsp70-10), At5g28540 (AtHsp70-11), At5g42020 (AtHsp70-12), At1g09080 (AtHsp70-13), At1g56410 (AtHsp70-18). The gene IDs for the SynDnaK proteins are sl10058 (SynDnaK1), sl10170 (SynDnaK2), and sl11932 (SynDnaK3). B, Sequence alignment of AtHsp70-6 and AtHsp70-7. The processing site, predicted by TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/), is indicated by @. Two alanine residues comprising the Ala-X-Ala motif are indicated by two asterisks. The solid bar under the alignment indicates the triple glycine residues of AtHsp70-6 and the corresponding area of AtHsp70-7. The shaded bar indicates the carboxy-terminal signature sequence of the plastidic Hsp70 proteins.
Time course import for distribution of processed proteins Double processing has been observed during the import and the integration of two envelope membrane proteins of chloroplasts, such as Toc75 24) and Tic40. 14, 25) Intermediate forms were produced from precursors of both proteins. Hence, we attempted to evaluate the processing profiles of the m1 and m2 forms of AtHsp70-6-Tag by conducting time course protein import assays (Fig. 3B) . The amounts of the m1 and m2 forms increased in accordance with the reaction times of the import assays. These results indicate that m2AtHsp70-6-Tag was produced independently of m1AtHsp70-6-Tag, and the m1 form thus did not act as an intermediate template for the m2 form in a successive secondary processing reaction. This result is contrary to the import strategies of Toc75 24) and Tic40. 14, 25) Subfractionation of chloroplasts after import reaction The results of two independently processed mature forms of AtHsp70-6-Tag raised the question whether two independent processings could result in different localizations of the m1 and m2 forms within the chloroplasts as well. To address this question, the suborganelle localization of the processed forms of AtHsp70-6-Tag and AtHsp70-7-Tag was determined by two different approaches: (i) subfractionation of chloroplasts, and (ii) post-import trypsin treatment. First, chloroplasts purified after import assay were subjected to hypertonic lysis, followed by fractionation into soluble and the membrane fractions (Fig. 4A) . All the processed forms produced from the two AtHsp70-Tag proteins (Fig. 4A, lane 2) were found to be recovered in the soluble fractions (Fig. 4A, lane 3) , indicating that they are soluble proteins localized either in the stroma or at the IMS. The processed proteins were also recovered in the soluble fraction when the fractio-A B Fig. 3 . In Vitro Import of Precursor AtHsp70 Proteins into Chloroplasts. A, In vitro import reactions of prAtHsp70-6-Tag, prAthsp70-7-Tag, and AtHsp70-8-Tag were performed as described in ''Materials and Methods.'' After the import reaction (indicated by I; lanes 2, 5, and 8), chloroplasts were treated with thermolysin, as described in ''Materials and Methods'' (indicated by Th; lanes 3, 6, and 9). Chloroplastic proteins were separated by SDS-PAGE, 15) followed by immunoblotting probed with mAb against HA-tag. The precursor solution subjected to the import reaction is indicated as Pr (lanes 1, 4, and 7). The positions of the precursors on the blots are denoted by and the two processed forms, m1 and m2, by and . The positions of the marker proteins are indicated on the left side. B, Time course of import. After the import reaction was initiated, aliquots of the import reaction mixture were taken at 2, 5, 10, and 20 min. Following the import reactions, chloroplasts were treated with thermolysin, as described in ''Materials and Methods'' (indicated by +Th). were lysed hypertonically and subfractionated into soluble (S) and pellet (P) fractions, as described in ''Materials and Methods.'' Protease nontreated samples were also prepared. They are shown in the figure (lanes 2-4) . The samples were separated by SDS-PAGE, 18) followed by immunoblotting probed with mAb against HA-tag. The positions of precursors (pr) and mature forms (m1 and m2) are shown at the left hand side, while positions of marker proteins are indicated on the right hand side. B, Protease treatments were verified. Chloroplasts were treated with thermolysin (Th, lane 2) or trypsin (TP, lane 3), or without protease (-, lane 1), at the same time as the samples shown in Panel A. Chloroplastic proteins were separated by SDS-PAGE, 18) followed by immunoblotting probed with antibodies against three control chloroplastic envelope membrane proteins: Toc159, Tic22, and Tic110. As for Toc159, a 86 kD fragment from Toc159 (Toc159f) is shown. nation was performed after hypotonic lysis (data not shown).
Since processed prAtHsp70-Tag proteins were recovered in the soluble fraction, we further attempted to determine whether newly imported AtHsp70-Tag proteins were localizing in the stroma or the IMS. Chloroplasts purified after the import reaction were subjected to the trypsin treatment. Trypsin is known to penetrate through the outer envelope membrane and to reach the IMS, while thermolysin is reported to digest only the proteins of the outer surface of chloroplasts. 26) As described above, chloroplast-bound prAtHsp70-6-Tag and prAtHsp70-7-Tag were digested by thermolysin (Fig. 4A, lane 5) , as well as by trypsin (Fig. 4A, lane 8) . While none of the processed AtHsp70-Tag proteins was digested either by thermolysin (Fig. 4A, lane 5) or by trypsin (Fig. 4A, lane 8) , they were observed exclusively in the soluble fraction after subfractionation of chloroplasts (Fig. 4A, lanes 6 and 9) .
In order to verify the validity of the protease treatments, accessibility of thermolysin and trypsin was evaluated by monitoring three control proteins (Fig. 4B) at the same time as the sample analysis (Fig. 4A) . These control proteins were a 86 kD fragment of Toc159 (Toc159f), an outer envelope membrane protein with a large amino-terminal domain facing the cytosol; 7) Tic22, an IMS protein that peripherally associates with the inner envelope membrane; 27) and Tic110, an inner envelope membrane protein with a large C-terminal domain facing the stromal space.
14,28) Toc159f was completely digested by both proteases (Fig. 4B, lanes 2  and 3) . Tic22 was thermolysin-insensitive (Fig. 4B , lane 2) but trypsin-sensitive (Fig. 4B, lane 3) , and neither thermolysin (Fig. 4B, lane 2) nor trypsin (Fig. 4B, lane 3) degraded Tic110. Based on these control experiments, trypsin was confirmed to reach the IMS, but not the stroma. Hence we concluded that two processed forms derived from AtHsp70-6 are soluble proteins localizing in the stroma.
Trypsin-resistant Hsp70 in chloroplasts reactive to mAb SPA-820
So how is it possible to reconcile our results with previous observations that have demonstrated the presence of an Hsp70 in the IMS of pea chloroplasts? 7, 10) As discussed above, three Hsp70 proteins are present in pea chloroplasts, one tightly associated with the outer envelope membrane facing the IMS, and other two present in the stroma. On the other hand, Hsp70-IAP in pea chloroplasts was found associated with the translocating precursor. 7) Hsp70-IAP, recovered in the outer envelope membrane fraction, was reactive to commercially available mAb SPA-820 raised against human cytosolic Hsp72. Because of its size and localization, Hsp70-IAP was assumed to be one of the Hsp70s tightly associated with the outer envelope membrane. Therefore, in order to determine whether one of these Arabidopsis Hsp70 proteins could acquire similar localizations as the above pea chaperones, we tested the reactivity of mAb SPA-820 to AtHsp70-6 and AtHsp70-7 (Fig. 5) .
After prAtHsp70-6-Tag and prAtHsp70-7-Tag import assay, chloroplastic proteins were resolved by SDS-PAGE, followed by immunoblot probing with mAb SPA-820. An endogenous pea chloroplastic protein of about 70 kD was detected by mAb SPA-820 (Fig. 5,  lanes 2 and 6) . Precursor forms of AtHsp70-6-Tag and AtHsp70-7-Tag, as well as processed forms of both AtHsp70-Tags, were detected with mAb SPA-820 (Fig. 5, lanes 1 and 6) . However, since the sensitivity of mAb SPA-820 was low compared to anti-HA-tag Time course import assay of prAtHsp70-6-Tag and prAtHsp70-7-Tag was performed as described in the legend to Fig. 3B . Following the import reactions, chloroplasts were treated with thermolysin or trypsin, or without protease. Chloroplastic proteins were separated by SDS-PAGE, 18) followed by immunoblotting probed with mAb against human cytosolic Hsp72 (SPA-820). The endogenous Hsp70 reactive to mAb SPA-820 is indicated by solid triangles. The positions of precursors and m1 forms are denoted by pr and m1 respectively. The positions of the marker proteins are indicated on the right. mAb, we did not observe the m2 form. When chloroplasts were subjected to post-import protease digestion either by thermolysin or trypsin (Fig. 5 , lanes 2-5 and 7-10), newly imported AtHsp70-Tag proteins and endogenous Hsp70 protein (denoted by the filled triangle in Fig. 5) were not digested. This result is inconsistent with the previous observation that the stromal protein was not detected by the mAb SPA-820. 7) This indicates that the previously reported Hsp70-IAP is actually a stromal protein and should not considered to be localized at the IMS. See ''Discussion'' below for more details.
Evaluation of the processing properties of AtHsp70-6 and -7
Because the m2 form was produced only from prAtHsp70-6-Tag after import into chloroplasts, we attempted to identify the factor that causes the processing differences between prAthsp70-6-Tag and prAtHsp70-7-Tag. The intermediate forms of Toc75 and Tic40 are processed to their mature forms by plastidic type I signal peptidase (Plsp1) in the envelope membranes and the thylakoid. 29) When the sequences of AtHsp70-6 and -7 were carefully inspected and compared, two characteristic sequences drew our attention, both of which were found close to the possible cleavage site (at position 79, indicated as ''@,'' in Fig. 2B ). Both AtHsp70-6 and AtHsp70-7 have two alanine residues at positions 91 and 93. Ala-X-Ala is the most common motif preceding the cleavage site of type I signal peptidase. 30) In our sequence analysis, we found that among 14 Arabidopsis Hsp70 proteins, this motif was found only in AtHsp70-6 and -7 (data not shown). Triple glycine residues were found at positions between 62 and 64 of AtHsp70-6, while double asparagine residues were found in AtHsp70-7 at the corresponding positions (63 and 64). Baldwin and Inoue (2006) 31) reported that the tri-glycine stretch was enough to exhibit the stoptransfer property of Toc75 to retain the precursor form of Toc75 at the inner envelope membrane. Hence, we assumed that GGG in the transit peptide of prAtHsp70-6 might impact its processing and targeting.
Effect of triple glycine residues on targeting and processing
To address the question of the significance of the triglycine stretch in prAtHsp70-6, we obtained mutant forms of prAtHsp70-6-Tag (Fig. 1, prAtHsp70-6 -Tag-N) and prAtHsp70-7-Tag (Fig. 1, prAtHsp70-6 -Tag-G). Those mutant precursors were subjected to the in vitro import assay. Triple glycine residues and double asparagine residues were exchanged in both mutant forms of the precursors (Fig. 1) . After the assay, no significant differences in processing or import were observed between the wild-type and the mutant type of each AtHsp70-Tag (Fig. 6) , indicating that the corresponding region does not influence processing and targeting. Hence, it is possible that the Hsp70 targeting is different from the stop-transfer pathway of Toc75.
14)
Organelle-free processing assays We also attempted to identify the enzymes involved in processing. At least two processing endopeptidases are localized in chloroplasts: SPP in the stroma 32, 33) and Plsp1, described above. 31) SPP is a metalloprotease that removes N-terminal transit peptide from a diversity of plastid precursors. Hence organelle-free processing assay was conducted by incubating precursors with the soluble fraction extracted from chloroplasts. From prAtHsp70-6-Tag (Fig. 7, lane 1) , only the m1 form of AtHsp70-6-Tag (Fig. 7, lane 2) was produced, and this processing was inhibited by EDTA (Fig. 7, lane 3) , indicating that SPP is involved in the prAtHsp70-6-Tag processing to m1. Then it was observed that prAtHsp70-6-Tag processing The wild-type and tri-glycine mutant type of the AtHsp70 precursors, AtHsp70-6-Tag, AtHsp70-6-TagN, AtHsp70-7-Tag, and AtHsp70-7-TagG, were subjected to in vitro import assay, followed by protease treatment. Precursors subjected to the import assay (Pr, lanes 1 and 5), chloroplastic proteins after the import reactions (I, lanes 2 and 6), thermolysin (Th, lanes 3 and 7) and trypsin (Tr, lanes 4 and 8) treated chloroplastic proteins after the import reactions were separated by SDS-PAGE, 18) followed by immunoblotting probed with mAb against HA-tag. The positions of precursors (pr) and of the m1 and m2 forms are indicated. to the m2 form was not achieved by soluble chloroplastic extracts. In the case of prAtHsp70-7-Tag (Fig. 6, lane 4) , the same results were obtained regarding m1 processing (Fig. 6, lanes 5 and 6) . Thus, SPP appears to process both prAtHsp70-Tag proteins to produce m1 forms. Although signals below the m1 forms (indicated by ''%'' or an asterisk) were observed, they were not the signals of the m2 form, since the corresponding polypeptide band originated from the precursor solution as debris, and hence should be ignored.
Since m2AtHsp70-6-Tag was not observed in the organelle-free processing assay, it is possible to hypothesize that Plsp1, which is insensitive to EDTA, is involved in the processing, producing the m2 form. AtTic40 was subjected to the organelle-free assay to assess whether this assay system contains active Plsp1. But after the processing assay, only the intermediate form of AtTic40 was observed (Fig. 7, lane 9) , indicating that the soluble extract from chloroplast did not have Plsp1 activity.
Discussion
This study was conducted mainly to explore the possibility of identifying the Arabidopsis homolog of Hsp70-IAP, which has been reported to interact with the translocating precursor during protein import into pea chloroplasts. 7) First we examined the subcellular localization of the three Arabidopsis Hsp70 proteins (AtHsp70-6, AtHsp70-7, and AtHsp70-8) predicted for the plastid localization by in vitro protein import assay with isolated chloroplasts. We were able to confirm that AtHsp70-6 and AtHsp70-7 are chloroplastic proteins.
Both prAtHsp70-6-Tag and prAtHsp70-7-Tag were processed, and were found to be localized in the soluble fractions in chloroplasts (Fig. 3A) , while AtHsp70-8-Tag was not imported into chloroplasts in vitro (Fig. 3A) . In the case of prAtHsp70-6-Tag import, two processed forms, designated m1 and m2, were observed. While we were preparing this manuscript, Su and Li 34) demonstrated the in vitro import of AtHsp70-6 (cpHsc70-1) into chloroplasts, but a smaller band migrating below the strong signal of the mature form of AtHsp70-6 on the fluorogram was overlooked in their report. This also confirms that our optimized in vitro import assay system for epitope tagged recombinant precursors 13) gives results similar to radioisotope labeling and is suitable for AtHsp70 characterization studies. Our time course import assays (Fig. 3B) indicated that the appearance of the m2 form was a result of the alternative processing of AtHsp70-6-Tag, rather than the double processing found during the import of Toc75 24) and Tic40. 14, 25) According to earlier work on chloroplastic Hsp70 proteins, three Hsp70 proteins in pea chloroplasts migrated on polyacrylamide gels. 10) One of these is a 75 kD protein tightly associated with outer envelope membranes facing the IMS, while the others are 75 kD and 78 kD soluble proteins. Hsp70-IAP is perhaps identical to the protein associated with the membranes, 7) while the 78 kD-soluble Hsp70 has also been identified as CSS1 35) or S78. [36] [37] [38] The amino acid sequences of the mature forms of AtHsp70-6 and AtHsp70-7 are highly homologous to the mature form of S78 (89% for both AtHsp70 proteins). In addition, the m1 forms of AtHsp70-6-Tag and AtHsp70-7-Tag migrated to the same positions on the gel (Fig. 3) . Therefore, it is highly possible that the m1 forms of both AtHsp70-6 and AtHsp70-7 are equivalent to S78 in pea chloroplasts. Although previous results of the in vitro import assays indicate that neither 75 kD Hsp70 protein in pea chloroplasts originated from CSS1, 35) and based on the present in vitro assay results, it is possible that the m2 form of AtHsp70-6 is equivalent to these 75 kD proteins. 10) Considering the above possibilities, we further attempted to determine the localization of each processed form of AtHsp70-6-Tag by differential protease treatments and organelle-free processing assay. Both the m1 and m2 forms of newly imported AtHsp70s were trypsin-insensitive (Figs. 4 and 5) , indicating that the m1 and m2 are localized in the stroma.
When the precursor forms of AtHsp70-6-Tag and AtHsp70-7-Tag were incubated with soluble extracts from chloroplasts to conduct the organelle-free processing assay, m1 forms were produced from both precursor proteins (Fig. 6 ), but no processing to the m2 form was observed in the chloroplast soluble extracts. Thus, in both cases, prAtHsp70 processing to m1 forms was inhibited by EDTA, indicating that SPP being a metalloprotease, is responsible for producing the m1 forms. Therefore, processing to the m2 form is accomplished by an unidentified protease that was not recovered in the soluble chloroplastic extracts. Since the most common motif preceding the cleavage site of type I signal peptidase, Ala-X-Ala, 30) at positions between 91 and 93, is found in AtHsp70-6-Tag, we thought this site might be cleaved by Plsp1. To determine whether the chloroplastic extracts used for the organelle-free processing assays contained Plsp1 activity, the AtTic40 precursor was subjected to the same assay. Then, only processing to the intermediate form of AtTic40 was observed (Fig. 7) , indicating that the soluble extract from chloroplasts did not contain active Plsp1. Because AtTic40 has been found to be processed by purified EcLepB, 29) we prepared Escherichia coli extracts in which EcLepB (a type I signal peptidase from E. coli) 38) was overexpressed, but no processing of AtTic40 was observed in our assay, possibly due to a loss of activity of overproduced EcLepB during preparation (data not shown). Hence we were unable to identify the specific protease involved in the processing of AtHsp70-6 to produce the m2 form.
Our current results do not support the localization of any of the mature forms of AtHsp70-6 and AtHsp70-7 in the IMS, indicating that the reported Hsp70-IAP component might be different from these proteins. The commercially available mAb against human Hsc72, SPA-820, was the only source to detect Hsp70-IAP. 7) We utilized the same mAb to test the reactivity of AtHsp70 proteins. The precursor and m1 forms of AtHsp70-6 and AtHsp70-7 were detected by mAb SPA-820 (Fig. 5) . Chloroplastic endogenous Hsp70, detected by the same mAb, might be the reported Hsp70-IAP, which might have been misidentified due to contamination of the envelope fractions with the soluble proteins. However, this polypeptide was insensitive to trypsin, indicating that the Hsp70 reactive to SPA-820 in pea chloroplasts is not localized in the IMS. Moreover, the reactivity of the corresponding Hsp70 to trypsin was never attempted in previous research in which the presence of Hsp70-IAP has been demonstrated. Therefore, our results may be interpreted in the following two ways: (i) Hsp70 is not present in the IMS, or (ii) Hsp70-IAP is trypsin resistant. Currently, no further evidence is available to decide between these hypotheses.
Apart from the possible involvement of Hsp70 in IMS, supporting precursor protein translocation, plant Hsp70 proteins localized in different cellular subcompartments are known to enhance tolerance to various stress conditions when overexpressed: e.g., Arabidopsis cytosolic Hsp70 (AtHsp70-1) to heat 39) and tobacco BiP in ER to drought. 40) In chloroplasts, the T-DNA knockout mutant of AtHsp70-6 exhibited severe phenotypic alterations as compared with AtHsp70-7. 34) As we have shown here the presence of two mature forms of Athsp70-6 might indicate a different role for AtHsp70-7. Thus an assumption can be made that the m2 form of AtHsp70-6 should have a function distinct from the m1 forms of AtHsp70-6 and AtHsp70-7, but it is unclear exactly which mature form, m1AtHsp70-6 or m2AtHSp70-6, causes the effect on phenotype alteration. Therefore, we suggest further investigation on the functions of the two AtHsp70-6 mature forms at the molecular level to unravel the physiological roles of chloroplastic AtHsp70 proteins.
